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The plane strain crack toughness 4), is a material 
property which is measured in terms of the opening mode stress 
intensity factor 4,,, expressed in units of (stress) x (length) 
The recommended specimen design of four point bend samples 
for plane strain crack toughness testing of high strength 
metallic materials is compared with results of tests using 
fiberglass reinforced plastics (FRP). This comparison indi- 
cates that the rules and guidelines used for testing metals 
GemaOn apply to FRP. The variation of ‘i, with specimen 
thickness, notch deptn, glass content and strain rate are 
presented in tabular and gravhical form. 


i 
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Recently many authors have reported increases of 
up to an order of magnitude in the fracture surface work of 
epoxy and polvester resins when an elastomeric second phase 
is added to the unreinforced matrix. The results of tesv 
using CTBN rubber modified LAMINAC 4173 reinforced with Style 
181 fiberglass fabric are reported. The surface work in- 
creased by only a factor of two for the composite system 
used. These results indicate that toughening the matrix does 
not necessarily toughen the composite. 
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CINTRODUCTION 
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Recent technological advances in structural mate- 
rials have indicated the potential of filament reinforced 
composites for providing greater structural efficiency than 
high strength metals. Composite materials can be tailored 
to the design situation giving such desirable characteristi.cs 
as high strength-to-weight ratio, excellent resistance to 
corrosion, ease of maintenance, and, generally, are formablec 
into any shape without the need for extremely heavy equip- 
ment as is required for the shaping of most high strengt 
metals. However, before composites can be used to the full- 
est extent, there are several engineering problems which must 
be solved. When thermosetting Solan matrices are employed, 
their usefulness is seriously limited by their brittleness 
and susceptibility to crack initiation and propagation. 
Materials which fail without warning after undergoing negli- 
gible plastic flow and wnich are extremely sensitive to the 
presence of flaws acting as stress concentrators are limited 
in usefulness to stress levels significantly lower than their 
ultimate tensile stress. 

Fracture toughness testing of fibrous composites 


ts infancy. Although a great ceal has been done with 
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and guidelines developed for metals can be used when testing 
composites. The purpose of this investigation is therefore 
wnreefold: 

m To test the’ applicability of@present teorine 
procedures for fracture toughness testing of metallic mate- 
rials as stated in Reference 1 when applied to fiber rein- 
mercea plastics. 

2) To test the variation of fracture toughness 
Wiech Thickness and glass-to-resin ratio. 

3) To investigate the effect on fracture toughness 
by the addition of an elastomeric second phase such as CTBN 
rubber. 


The plane strain crack toughness, K is a material 


Le~ 
property which is measured in terms of the opening-mode stress 


7 ¢ e J 1 
intensity factor K,, expressed in units of (stress) x (length) >. 


alee 


To determine a K value, a crack-notched specimen is increas- 


ie 
ingly loaded until the crack becomes unstable and extends 
apeuptciy. The ratio of K, to tne applied load is a function 
of specimen design and the value of Ky corresponding to the 
load at which unstable crack extension is observed is the 
Kyo value determined by the test. It is necessary to develop 


Specifications for valid K testing for Tiberglass reiniorced 


live 
plastics as was reported in (1) for high strength metals. 
The second phase of this report deals with the 


variation in ie with the number of layers of cloth and with 


the glass-to-resin ratio. The purpose here is to optimize 

the number of layers and the glass-to-resin ratio in order 

Co provide a material with the best possible crack toughness. 
‘he Linal phase evaluates the addition of an eclasto- 

meric second phase vo the resin which is intended to ennance 

the toughness of the composite. Recently, many autnors (3,4, 

5) have reported significant toughening of polyester and 

epoxy resins when certain types of elastomers are added. The 

purpose here is to determine the effect of adding CTBN rubber 

to the resin and discover if toughening the resin necessarily 


toughens the composite. 
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MATERTALS 


The fiberglass reinforced plastic (IRP) specimens 
Used in this report were constructed of Laminac 4173 polyester 
resin, supplied by American Cyanamid Company, and reinforced 
with Stevens Style 181 fiberglass fabric. Methyl ethyl 
ketone peroxide (MEKP) was used as the hardening agent. The 
elastomeric second phase which was added to the resin for 
part 3 of this report was CTBN rubber manufactured by the 
B.F. Goodrich Chemical Company. 

Laminates were constructed using the standard 
vacuum bag technique (see Appendix I) and cured in the 
hydraulic press available in the Devartment of Civil Engineer- 
ing, Massachusetts institute of Technology. The laminates 
meee subjected to a pressure of 120 psi and cured dnothe 
press at a temperature of 200°F for one hovr. After removal 
from the press, the hea post cured in an electric 
oven for two hours at a temperature of 250°R, the numbers 
of layers varied from a minimum of the 3 to a meximum of 48. 
Standard tensile specimens and four point bend specimens 
were then cut (see Figure 1) and tested in an Instron Uni- 


versal Testing Machine. 
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METHOD OF INVESTIGATION 


- a Sa eo ge ane eee 


The types and basic principles of instrumentation 
Suitable for detecting craek extension in fracture toughness 
tests have heen reported in (7). For plane strain toughness 
testing, these methods include measurement of displacement, 
electrical potential, acoustic emission and ink staining. For 
the purposes of this report it was felt that measurement of 
the displacement of points symmetrically located from the crack 
would give accurate results and the equipment required to 
employ this technique was readily available. A linear variable 
differential transformer (LVDT) with a displacement constant 
em 0.00ce inehes of deflection per inen of Instron recording 
paper with a gage length of one inch was Selected. Since the 
gage length was larger than the notch Gepth for most specimens 
tested, it was not possible to use existing calibration curves 
for converting displacement measurements to crack Tene one 

The crack tin stress intensity factor Ky in a test 
specimen is equal to the applied load multiplied by some func- 
tion of the specimen dimensions. An established relation con- 
necting Ky with tne specimen dimensions and the applied load 
for a particular specimen design is cajJled a K-calibration. 

Tne most commonly used exverimental method of K-cali- 
bration is that due to Irwin and Kies (8) in which measurements 
are made of the compliance of @ specimen having a narrow machined 


slot mag ishiols is incrementally extended between successive 


=e = 





measurements. This procedure was followed to obtatin an experi- 
mental displacement coefficient, S, as a function of a/w for 
an aluminum specimen of the same planar dimensions as those 
used for the purpose of this report. According te Irwin (8) 
the calibration specimen can be of any convenient material and 
aluminum was selected over fiberglass reinforced plastic for 
the following two reasons: 

teeta is much easier to machine accurately 

2. FRP nas a tendency to be degraded appreciably 
with cyclical loading and it was feared that the repeated 


notching and testing wovld lead to erroneous resuits. 


The displacement coefficient, x, = ae 
where E = Young's Modulus 

V = Change in length of LVDT 

Be opecimem Lhackness 

P = Applied load 


Aluminum specimens, 7" by 1.5" by .125", were 
machine notched with a 1/32" cutter and tested in four point 
bending. The displacement of points symmetrically located 
from the notch were measured ano recordec using the LVDY. To 
enhance the accuracy of the disolacement cocfricient calibra- 
tion, ten identical specimens were tested with a/w between 
eeO and O60, The results are plotted in Figure 2: 

Using Figure 2@ it is possible to determine ‘the 
depth of e notch in any material which is tested in four point 


pending and whose planar dimensions are in the ratio of 4:1. 





All that is required is specimen dimensions and the slope of 
the load-deflection curve. Once a value of X has been determincd, 
Figure 2 yields the value of a/w. This value of a/w will then 
be used to determine K via boundary collocation. 

Boundary collocation K-calibration for single-cdge 
eracked specimens in four point bending is reported by Gross 
and Srawley in (9). ‘The K-calibration is represented by a fourth- 
degree polynomial of the following form to within 0.2% for all 


wamwes of a/w up to 0.7: 
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6Ma? 


BW? Equation 1 
dh 
A, jams (a/i1) pa (a/w)* xB. (a/v)? 7 (a/v) " 


Applied bending moment 





Where Y 


a 
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The coefficients A have the following values for 


Peur point bending with a ratio of length to width equal to 


nou: 
A, = 1.99 
/ A, = -23.19 
A, = 12.97 
Le Be 3.10 
eee 


Entering Figure 3 with the value of a/w obtained 
from the specimen dimensions, slope of the load Geflection 
eurve, and Figure 2 yielos a value for Y. dhis is then used 


wo Calculate Ky irom eauavion 1. 
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EXPERTMENTAL METHOD 


Laminates approximately 20" x 11" were prepared us 
outlined in Appendix A. The laminates were then cut into the 
following specimens: 4-four point bend beams 7" x 1.5", 5 
standard ASTM tensile Specimens and 3 double-edge-cracked 
specimens 8" x 3" which were used by Schulz (10) to investi- 
gate somewhat similiar effects using double-edge-cracked spe- 
eens . 

The tensile tests were performed on an Instron 
Universal Testing Machine using a crosshead rate of 0.05 
inehes per minute. The longitudinal strain was dGevermined 
with a PS-3M Wiedeman LVDT extensometer providing a direct 
recording of strain on the Instron chart paper. Tensile 
modulus and ultimate tensile strength were determined from 
the Instron load-displacement record. 

Each of the four point bend specimens was milled 
parallel and then notched in the center uSing a cutter with 
a 45.0° included angle and a tip radius of 0.010 inches. ‘The 
notch was then sharpened by tapping a single edze razor blade 
in the notch with a maul. 

The specimens were then tested in four point bend- 


= 


ing using the LVDIT to measure the displacement of points 
Symmetrically located from the notch. The extensometer pro- 
vided Girect chart drive which yielded an accurate load- 


= 


displacement curve from which the denth of the crack could be 
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determined as outlined previously. The parameters which were 
mevestigated anclude notch depth, ,thickness asecontrolled by 
the number of layers of fiberglass, crosshead speed, giass 
content, and percentage of CTBN rubber added. 

Specimens of both 12 layers and 48 layers were 
notched to a depth varying from 0.135 to 0.900 inches. Two 
different thicknesses (12 layers and 48 layers) were used to 
determine if the notch depth effect is sensitive to thickness. 

The crossnead speed was varied from 0.002 to 20.0 
inches per minute using specimens with glass contents of 
approximately 42% and 70%. All of the specimens tested with 
42% glass were cut from the same laminate whereas the 70% 
glass specimens were made from six different laminates with 
Similar glass contents. 

Me numberof layersWof eloth varied from 3 tome 
ayers of fiberglass fabric. Since the thin specimens had a 
tendency to buckle when subjected to four point bending, 
lateral support plates had to be used to insure that the spe- 
cimens remained perpendicular to the testing jig and that 
buckling did not occur. The support plates had little effect 
oneene final results except to introduce some additional fric- 
tron. While the buckling ae non-buckling cases are not iden- 
tical, the plates were used in all cases in an attempt to 
minimize the relative effect of the plate friction whether or 


not buckling was anticipated. 
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To evalwate the efLect of @lass contént, laminates 
of 18 layers of fiberglass were constructed with glass content 
varying from 41.5% to 83.6%. The amount of glass in each of 
the laminates was held constant and the quantity of resin use3 
was varied. This was done because in most engineering applica- 
tions the number of layers of cloth is determined by the maxi- 
mum expected loads to be encountered in service. 

Obtaining a glass content in excess of 85% is 
extremely difficult and requires a press with a high capacity. 
Piso, the specimens with 83.6% glass tended to fail at the 
Peer ts. This is due to the fact that there is not enough 
resin to transfer the load from one layer of cloth to the 
adjacent layer. At glass contents less than 40% there is 


Pemeracerable variation in the interstittval Gistances between 


@ayacent layers of cloth. Jt was felt that had glass convents 
in the order of 20% been used erroneous results would have 


_ 


been obtained. 

Four laminates with 15 layers of cloth were manu- 
factured similar to the procedure outlined in Appendix A and 
Momme 2.5, 5.0, 7-5, and 10.0% of CTBN ruvber. The percentages 
of rubber were based on the amount of resin used. The rubber 
is very viscous and it became necessary to heat the rubber up 
to a temperature of 150°F before it could be mixed with the 
resin. The mixture of rubber and resin was thoroughly svirred 


ane 


mao a2 uniform index of refraction was evident. The fKP 





curing agent wae aaded and the Jaminate was manufactured by 
the standard method. After the post curing, the laminate 


was cut into specimens as outlined previously and tested. 





RESULTS 


The results of the fracture toughness testing of 
four point bend specimens of LAMINAC 41173 polyester resin 
reinforced with Style 181 fiberglass cloth are presented. ‘The 
effect of notch depth, Specimen thickness, strain rate as 
controlled by the crosshead speed, the values of the material 
properties such as Young's Modulus and yield strength, and the 


Variation in material properties which include K yield 


ew 
strength and Young's Moaulus witn different percentages of 
CTBN rubber added are reported. Tne effects of the different 
test variables are presented in the form of graphs and tables. 
The original tensile test data are reported in Table @ for the 
unmodified resin and in Table 3 for the rubber modified resin. 
The effect of notch depth is presented in Figure: 4 
meee the data are vresented as Table 4. For laminates with 42 
layers of Style 181 fiberglass cloth wheenotch déepvuh hacmeace 
effect on K,,. However, as can readily be seen in Figure ae 
for laminates with 12 layers there is a considerable dependency 


of K on notch depth. 


re 
Similar to high strength metals, fiberglass rein- 


forced plastics exhibit a dependence of Ky on specimen thick- 


LC 


we 


ness. Figure 5 presents K vs. thickness for specimens which 


ee 
eontain approximately 70% glass by weight. The number of 


layers of cloth varied from a minimum of three to a maximum 


oe 





Ol forty-elght. Iigure 5a shows the dependence of Oo 
on tnickness. The data are given in Teble 5. 

strain rate can have a considerable effect on the 
results of the crack toughness tests. Figures 6 and 6a depict 

: [K Oo 12 

the effect of the Instron crosshead rate on Kao and eyes 
respectively, for specimens which contain approximately 42 
and 70% glass by weight. Note that in all cases the curves 
pass through a minimum in the region of 0.05 inches per minute. 
See Table 6 for the reduced test results. 

As can be expected, there is a considerable varia- 


ah ake Fe Cree | Se ee 
tion in K,, and le/'ysS” with glass content. Specimens were 


i 
tested with from zero glass content to those with as high as 
63.6% glass. a 7 and 7a show the effect of glass content 
O10 Kao and ety ee respectively. Note that as the glass 
G@eaevent is increased, Rie increases and the value of [Ky 6 Sys] 
passes through a minimum at about (Ome taco a Mabre: ym 

Specimens of 82.6% glass showed a strong tendency 
Co either crush at the supports or fail in the compression 
region of the sample directly above the notch. 

Yieid strcngtn, of the fiberglass reimiorceunp wane 
tested followed the "rule of mixtures" almost exactly. Figure 
apes a plot of Cvs VS. percent glass. The straight line on 
Figure 8 represents the locus of oe vs. glass content assuming 
that the "rule of mixtures" applied. Young's Modulus, however, 


does not follow this rule and this can be seen from Figure 9. 





Here, the curve plotted is the locus of & vS. glass content 
which resulted from the experimental data, not tne "rule of 
fieswures’. This dataSis phesemled as Table 8. 

The effect of CTBN rubber added to the polyester 
resin is shown in Figures 10, 10a and 10b. Figure 10 shows 
the variation in both Kio and [Ko /Sys] VS. percentage, of 
CTBN rubber added. The value of Kao and [Ky yg] passes 
through apeak at about 2.5% rubber. Both Young's Modulus and 
the yield strength also peaked at about 2.5% ruboer. This 


test data is given as Table Q. 


< 


aN 2 











DISCUSSION OF RESULTS 


The accuracy with which Kio describes the fracture 
behavior depends upon how well the stress intensity factor 
represents the conditions of stress and strain inside the 
fracture process zone. An exact representation is only given 


by Kio fievae lime of@zerouplasule straint = Or wracuneem 


purposes, a surficient degree of accuracy may be obtained if 

the crack front pvlastic zone is small in comparison with the 

vicinity around the crack in which the stress intensity factor 

yields a satisfactory apvroximation of the true stress field. 
It has been suggested (1) that it is appropriate 

to assume that [Ky Pye] is a characteristic dimension of 

the plastic zone which should be useful in estimating specimen 

Gimensions to insure valid Kyo tests. The pertinent dimensions 

of four point bend specimens are notch depth and thickness. 

fre assumption iS that in order for a test to be valid both of 

these dOimensions should exceed a certain multiple of [Ky 6 yg] 
The effect of crack length on apparent Kyo is 

shown in Figure 4 for single-edge-cracked bend specimens of 

LAMINAC 4173 polyester resin reinforced with fiberglass. The 

specimens consisted of 12 and #48 layers. These correspond 


to thicknesses of 0.012" and 0.452" respectively (see Table 4). 


All of the specimens exhibited load-d.usplacement curves witn 


negligible nonlinearity after a minimum load was applied 


~ 
© 


(there appeared to be a region where the curve was not linear 


eS as 





mer dow loads but it beeame a straight line after.a few hundred 
pounds of force was applied). There was no trend or variation 


a KK é with crack length for the samples which contained 42 


a 

layers of cloth. However, the 12 layer specimens displayed 

a dependency of Kio on crack length, the shorter crack lengths 
. Lhe ‘ALC A C 

ive average value of Kio Or: 

all specimens except for the 12 layez Samples with the smallest 


indicated a higner value for K 


erack lengths was 23.1 KSI: (in) > and this is considered to be 
the true value. While the data from these tests are limited, 
it does indicate that the apparent Kyo value increases for 
thin specimens with a / (Kk, /°ys] ratios less then about 1.00. 
Reference (1) indicates that the value of [Ky 6 yg] 
should be at least 2.5 for valid results when testing high strength 
metals. These test results indicate that there is an effect 
men exness on the crack length chracteristic of FRE. More 
intermediate test ee are necessary to set a lower limit 
on thickness to eliminate the effect of notch depth. 

The influence of thickness is illustrated in Figure 
5 and Figure 5a. ‘The specimens contained from zero to 448 layers 
of cloth. The samples with no cloth were cast LAMINAC resin 
specimens 0.251" thick. All samples excent the zero and three 
layer specimens contained approximately 70% glass. Figure 5 
indicates that the results for specimens with less than 15 layers 
(0.123" thick) are invalid. No distinct "popin" occurred at 


thickness less then 0.073" (9 layers) and the results were 


Gaificult to analyze. This tobic will be discussed more fully 


Bee. 





Maser in this secfion. Tor .all thicknésses, greater than 15 
layers (0.123"), complete fracture occurred at popin. These 
@ata (see Table 5) suggest that a ratio of B/E Ks 6 Ive" 

greater than 1.00 is necessary for valid Ke determinations. 
Por high strength metals, (1) indicates that this ratio should 
be at least 2.5. 

It was anticipated that the strain rate and glass 
content would have a considerable effect on the results of 
emack toughness tests. This was born out by the test results 
asecan be seen from Figure 6 and Figure 6a for strain rate 
and Figure 7 and Figure Ya for glass content. The test data 
mee eiven in Table 6 and Table 7. 

The "rule of mixtures" states that the yield stress 
of a composite (or any material property) is the sum of the 
component yield stress times the volume fraction of that com- 


ponent. In equation form, this reduces to the following Yor 


the materials used: 


-_ 


“composite ~ °matrix “matrix +t [riper “Fiber 

where V is the volume fraction. 

Picure G indicates whatethe value of vreleeoceecs 
follows the rule of mixtures but Figure 9 shows that the modulus 
of elasticity does not. One-half of the modulus of elasticity 

1 
of glass was used (2 of 10.0 x Hone?) eyes) 5 OL To ) and 


eerairly smooth, but not linear, cupme resulted. The gevivaeiton 


for this approach is the fact that in a fabric only half of the 


Sa. 





mibers are aligmed in the load direction and, therefore, only 
half of the material carries any load. 
Tiewtresulis@ef themadditien of CHBN rubber to the 


2 


resin are given in Figures 10, 10a and 10b for K 2 and OT ee 


a 
Sys, and E vg. percentage CTBN rubber added. The results of 

a similar series of tests conducted by Sultan and McGarry (3) 
agree with the results presented herein. The magnitude of 

the yield stresses in (3) are only one-half those reported 
here. Tnis can be attributed to widely different glass con- 
tents between the two reports. 

Reference (3) reports an increase in the surface 
mork, Oo , by a factor of eight for cleavages of specimens of 
three unreinforced rubber modified polyester resins. The 
results of the presmt experimental investigation do not agree 
with that result for one of the reinforced resins, LAMINAC 
4173. For the reinforced resin, the value of both Kyo and 
[K,/%y5]° are only increased bya factor of approximately 
feo. ithe value of K can be related to Gig the strain 


ie 
energy release rate, by 


N> f= 


Ki, = (EG, J Baua tT One 


Since G = @o Equation @ can be rearranged to 


yield ee 
Hee 
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Taking, the depivatave of Equation 3 and *di.viding 
by Equation 3 results in the following expression for the 
eranse inssurfaee work with rubber modified fiberglass ré@i#n- 


Merced plastic: 





K Zz 
ve ey 
Ea ee 
ye 
where 
Mes 27 K.. AK Ke? 
SFO eee te Weer Woe 
Ale =A] = 5 [= 7} 
E2 
and finally 
dy , 2A'le _ AE 
Y ie = 


The values of cee and4 E along with =~ are given 

in Table 10. This results in a maximum value of AY of 0.825 
yi 

Mera rubber content of 2.5% CTBN. 

One final general observation is worthy of note. 
In spite of the difficulties experienced when enalyzing the 
load-adisplacement data for thin Svecimens it is reasonably 
certain that rapid or unstable crack provagation occurred. 
The first tests on thin specimens seemed to indicate that 
Slow crack growth was occurring, but the load-deflection curve 
indicated a valid test. As soon as the crack started to grow 
the load became constant and the deflection increased fairly 
rapidly but not catastropnically. This seemed to indicate 
that the energy necessary to propagate tne crack was being 


Suppliec by. the Instron crosshead. A very Simple test was 
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devised to determine whether the necessary energy was coming 
from Che Instron or was beings Supplied by the release of strain 
energy. As soon aS popin was indicated, the Instron crosshead 
was stopped Every time that this was necessary, the crack 
continued to grow until the entire specimen had failed, re- 
vealing that the energy did, indecd, come from the release 


@ 8strain energy. 
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CONCLUSIONS 


On the basis of this investigation, the following 
@onclusions appear to be valid: 

1. The minimum specimen dimensions recommended for 
plane strain crack toughness testing of high strength metallic 
materials cannot be applied to fiberglass reinforced plastics. 
Bee Nign strength metallic recommendations are excessive by 
pec tor Of 2.5 Tor poun the characteristic dimensions tor 
four point bend specimens. 

2. Valid plane strain crack toughness results can 
be obtained for fiberglass reinforced plastics using specimens 
0.123 inches thick and having a glass content of 70% by weight. 
ieee corresponds to a 0.123 inch thick specimen with 15 layers 
@eeouyie 161 fiberglass fabric. 


Sep ine walue. o7 kK increases rapidly as the glass 


ee 
content is increased. 
4. Addition of 2.5 poh CTBN rubber to LAMINAC 
W173 polyester resin reinforced with Style 181 fiberglass 
2 
Grea ancreases the value of Ryo and ee ee by autacvorwos 
1.5. Adding more than 2.5 poh CTBN rubber has a detrimental 
r MiKueroae tc 
effect on ee jee icy aye 
5. Ultimate tensile stress and modulus of elasticity 


of LAMINAC 4173 polyester resin reinforced with Style 181 fiber- 


Glass fabric are increased by a factor of 1.5 when 2.5 pph 
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CITBN rubber is odded. Jf the amount of CTBN is increased 
from 2.5 pph to 10.0 pph both ultimate tensile stress and 
modulus of elasticity are decreased. 

6. When unreinforced LAMINAC 4173 is modified with 
10.0 pph CTBN rubber the fracture surface work is increased 
by a factor of nine whereas the fracture surface work is less 
than doubled when 10.0 pph of CTBN is added to the reinforced 
Werin. 

7. The maximum degree of toughening is achieved 
wnen 2.5 poh CYBN rubber is added to the matrix of fiberglass 
Peintforced plastics. The value of fracture Surface work is 


nearly doubled. 


ABO. 





hl 


eet eee ee ee 


"Plane Strain Toughness Testing of High Strength 
Metallic Materials," ASTM Special Technical Publication 
No. 4410, December 1966. 


"Fracture Toughness Testing and Its Applications," ASTM 
Special Technical Publication No. 381, June 1964. 


J.N. Sultan and F.J. MeGarry, "Toughening Mechanisms in 
Polyester Resins and Composites," First Quarterly Pro- 
gress Report, Contract AF 33(615)-2712, Materials Re- 
search Laboratory, Department of Civil Engineering, 
Massachusetts Institute of Technology, September 1965. 


F.J. McGarry and A.M. Willner, "Toughening of an Epoxy 
Resin by an Elastomeric Second Phase," DSR 79545, Manu- 
facturing Chemists’ Associa vonaeiarch 1OGa. 


K. Fletcher, R. Hayward and J. Mann, "Rubber Reinforced 
Polystyrene and Copolymers," Chemistry and Industry, 1965, 


pp. 1854-1863. 


A.M. Willner and F.J. McGarry, "Crack Propagation Resis- 
tance of Rubber Modified Evoxy Resin," Third Quarterly 
Progress Report, Contract AF 33(615)2712, Materials re- 
Search Laboratory, Department of Civil Engineering, 
Massachusetts Institute of Technology, March 1967. 

J.H. Srawley and W.P. Brown, dr., “Fracture Toushness Test 
Methods," Fracture T 

ASiM STP 361 Am. Soc. Testing Mat., 1965, pp. 133. 


oughness Testing and Its Applications, 


a 


G.R. Irwin and J.A. Kies, "Critical Energy Rate Analysis 


of Fracture Strength, " 


Be oe Pogo. 


welding Journal Research Supplement, 





O.. 


B. Gross and J.E. Srawley, Stress Intensity Factors for 
Single-Edge-Notch Specimens in Bending or Combined Pend- 
ing und Tension by Boundary Collocation of a Stress Func- 
tion,” Technical Note D-2603 NASA, January 1965. 


W.J. Schulz, "Fracture Mechanics of Fibrous Composite," 
o.M. Thesis, Massachusetts Institute of Technology, 
Cambridge, Massachusetts, May 1969. 


pi. 





APPENDIX A 
FABRICATION OF LAMINATES 


The fiberglass reinforced plastic laminates were com- 
posed of LAMINAC 4173 polyester resin (American Cyanamid Company) 
reinforced with Style 181 woven glass fabric (J.P. Stevens Com- 
pany). Methyl ethyl ketone peroxide was used as the catalyst. 
The laminates were layed up using a vacuum bag technique. 

A vacuum bag was constructed from two pieces of mylar 
film which was cut approximately one and a half inches bigger 
gman che @lass cloth on three Sides and about four inches 
bigger on the fourth side. The bottom piece of filJlm was lined 
Wemeeuwyo thicknesses of Mortite caulking cord. Small diameter 
rubber tubing was inserted along the inside edge of the caulk- 
ing cord on the two oaeee that were perpendicular to the side 
with the four inch margin to facilitate movement of the entrapped 
air bubbles. Felt weather stripping was then placed along the 
inside edge of the tubing and on the inside edge of the caulk- 
ange cord. oufficient weather stripping was used to fill the 
terein on all four sides. 

The resin was mixed using an amount of LAMINAC 4173 
equal to the weight of cloth utilized in tne laminate. Two per- 
cent by weight of methyl ethyl ketone peroxide was used as the 


catalyst and thoroughly mixed with the resin. 





The bottom piece of mylar was coated with the resin 
mixture and three layers of cloth were applied. This procedure 
was repeated until the desired number of layers of cloth were 
Weed. 

steel spacers were used to control the thickness of 
Ghe laminates of equal numbers of layers of cloth which, in 
turn, determines the percentage of glass in the final product. 
The thickness desired could be estimated by assuming that every 
@aeee layers of fiberglass cloth contribute 1/32" to the final 
thickness for laminates which will have approximately 70% glass 
by weight. The spacers were placed in the vacuum bag just 
Outside the four corners of the cloth. The easiest procedure 
was to cut a piece out of the weather stripping adjacent Co 
each corner of the cloth and place the spacers in this position. 

The remaining piece of mylar was then placed over the 
bottom and pressed onto the caulking cord to insure an air 
tight seal. A vacuum pump nipple was inserted in the top 
piece of mylar and the vacuum was attached. A suction was 


= 


taken on the vacuum bag to remove all of the entrapped air. Zn 
order to remove air which had become entrapped in the resin 

and between the layers of cloth, a spatula was used on the 
vecuum bag to force tnese bubbles (which are readily seen since 
upon complete wetting of the cloth the laminate becomes trans- 


baw~ent) into the felt lining. Once the bubbles are in the lin- 


ing they migrate, under the action of the pump, to the nipple 





and are removed. The purpose of the rubber tubing was to aid 
mas migration and to help eliminate the @ir btbbles that re- 
mained in the felt from being, squeezed back into the resin 
when the press made contact with the felt. In the case of 
@mr Laminates, contact with the felt could occur before the 
press made contact with the fiberglass and resin. 

After all the air bubbles were removed, the vacuum 
bag arrangement is placed between two aluminum plates and in- 
serted in the hydraulic press. Pressure is increased until 
firm contact is made between the aluminum plates and the 
Spacers. The laminate is kept in the press under pressure 
(approximately 120 psi on the laminate, not on the hydraulic 
ram) for one hour at a temperature of 200°F. As soon as there 
was pressure on the laminate, the vacuum pump was disconnected 
ana the nipple removed. This prevented the nipple from becom- 
ing clogged with the excess resin and permitted its reuse for 
additional leminates. 

After one hour in the press the laminate was removed 


ang plac 


9) 
(D 


Q in an oven at 250°F for two hours Oi noes curing. 
For best results it is recommended that the laminate be post 
cured in the bag. It is then ready to cut into the desired 
Specimens and tested. 

Using this technique, laminates of any size and thick- 
ness can be produced limited only by the dimensions of the 


press. Thickness can be varied by using different sized spacers 


to give laminates with widely varying glass to resin ratios. 


See 





When using the Department of Civil Engineering of 
Massachusetts Institute of Technology's equipment, it should 
be noted that the pressure indicated on the installed gage 
represents the pregsure on the ram which has an area of 49 
Square inches. This pressure can be converted to the pressure 
actually applied to the laminate by a conversion factor equal 
to the ratio of tne ram area to the laminate area, that is 
Pa x (49/area of laminate) = P 


na. lam. 
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FIGURE la. FOUR POINT BEND SPECIMEN WITH 
LENGTH/WIDTH RATIO OF FOUR. 
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LABLE 1 


PROPERTIES OF LAMINAC 4173 


Type Rigid, Promoted, "Air Dry" 
Viscosity Low, Saag ly Thaxevee ore 
Reactivity High 

Monomer Styrene 

sepeciiic Gravity iOS 

Barcol Hardness 48 - 50 

Tensile Strength 8,3000 psi 


PROPERTIES OF STYLE 181 FIBERGLASS FABRIC 


Thickness 0.0035" 
Count oy Goa 
Gemsmie Strength, pounds per inch 3/10 x 330 
Weave | GH eocuan 
Petes, Oz. sq. yd. 8.90 


es 





Svecimen 


a eee 


1-O-1 
1-Q-2 


is 
I 

. 

j 


! 
Oe Oe 


! 
! 


I 
OV oN. OF ON ONG BD 
! 


! 


! 
! 


! 


I 
OvmeO’' FO. 
I 


! 


I 
— 
— 


! 
XO 4 \O 2 
Cor he 


! t 
l 
ORO 


! 
ee 
i= 


! 


! 
ie 


Mr mMMmMnNy ND YP eRe RP © MMO YP PP PP pe 
I t 
Ri No 
nO 
! 
1 


J 
LJ 
NM 

! 
NM 


12-3 
i 12-4 
fe e-s 





TABLE 2 


TENSILE TEST 


eww ee ee ee ee 


JCODGmE . 


5.67 
ee 


750 
3H 
as 
. 34 


OV ON =) Oi ON 


a 
jos 
Oo 


Nn ~ 
wi 
NM 


One 


Oe 


IO” ZO 


\O 
WW 
NM 


oO 
ra 
Lie © 
12.80 
15.40 


oll, 


42, 
12, 
52. 
Le, 
612 
60. 
51. 
60. 


56. 
52. 
Sie 


54. 
54. 
52. 
Dk 
50. 
Bor 
51. 
DoE 


53. 
16. 


weoele.— 


.640 
480 


(00 
900 
O00 
100 


= W 


OS SO OV TS NO ae ee) Mm MO 


— 
me 


RON 


D> NO —1D TOO Ne DO Ue ND? DORI SD SD 


IAD IN IN| IN IAD PO De 


6 


A 
133 


-3e 
Bh 


05 
ms) 
colt 
et 


70 
ee 
. 80 
> 
(5 
.60 
.68 


29 
-(3 
-(3 
aoe 
tf 


56 
Ot 
» Udy 


ie 





Specimen 


eS ~1 
1-15-2 
1-15-3 
eis Lt 
1-15-5 
2-15-1 
2-15-2 
2-15-3 
2-15-4H 
aD 
1-165-1 
ledia-2 
1-18-3 
1-18-34 
1-18-5 


2-18-1 
p=119-2 
2ao-3 
2-18-4 
Bemg-5 
2-18-6 
418-1 
He O-2 
pono 
5-18-2 
5-18-3 


6-18-1 
o- 10-2 
o1o-3 
6-18-4 


iy rea 


.0616 
.0619 
.0609 
-0626 
.0705 


Ook). 
.0590 
0605 
.0606 
C635 


207-20 
.0736 
sOV2o 
07 34) 
rOnee 


0845 
.0826 
0858 
.0815 
Oo! |. 
0845 
0591 
9604 
. 1290 
1295 
1250 


138 
ae 
36 
140 


Force 


34:80 
36380 
3400 
3560 
3260 


3500 
3400 
3400 
3360 
36 30 


3950 
4350 
BEE) 
ALLO 
4300 
LOO 
1030 
1150 
LUO 
4390 


HU6O 


3600 
3600 
1600 
1200 
1500 
LOO5 
4000 
3800 
3850 


Lee 
BIG est 
lon 


1 


2 
ie 
Ge 
17. 
Ge 
ae 


ee 
aon 
20. 
oor 
20. 


on 
19, 
20. 
20. 
19. 
20. 
vor 
Toe 
oe 
Lor 
20. 


ie 
16: 


ee 
.60 


oi 


67 


ee 
ve 
ve 
ee 
OO 


90 
67 
88 


eee eee - 


16. 


Bie 
56. 
yD 
nee 


BA, 
Bo 
54, 
56. 
Bil 
Lie 
HS. 
48. 
53. 
52. 
ee 
60. 
ae 
35. 
ale 
35. 
29. 
20: 
Zor 
27. 


DONT CO GN Co Co Go er 


CO CO) OY IO ea XO 
D> NDI OP Oe ND SOND IND OO 1D ae Sess ee 


Penn 
eae 


Meee FPP HY WH ©) DPD DW 


OV ©: 4. 12 ES DD SCY Seo I 


2 ees SE Oe eee ee 


. Fa 
(9 


“DD 


79 
82. 
92 


~ 


(9 
We 
#66 
oe 
Foil 
on 
78 
eH 
32 
AS 
48 
28 
sil 
mS 
ie 
416 
5 
55 
29 
.20 
noe 
2) 





Specimen Area Force Scope x ton Ys x 1073 B x 107° 
g-24-1 .0838 3900 21.60 HGo.5 2.59 
fees 86 AIO )0|060C 5820 26.60 53.3 2.10 
11-2413 .1080 5950 26.60 55.1 aa 
qe=e4— 4 -0895 5300 26.60 59.3 2.98 
fees (1100 5750 26.60 52.0 2.40 
1-12-11 0564 2175 La aoO 25.6 eet 
1-12-2 10560 “2750 13.75 ee PaO 
1-12-3 .0530 2830 ie, 26 53.4 PL Sif 
1-12-11 10521 “eer L200 53.0 2 dy 
1-12-5 0506 2025 15.40 6, 4 Oe 
1-15-1 .0616 3480 17. 9m 56.5 eo 
1-15-2 .0619 3680 loses 59.5 Ps 
1-15-3 .0609 3400 Nome a 55.9 ee 
2-25-4 .0625 3560 17.45 56.8 2 ano 
1-15-5 .O705 3260 Oo 16.3 2.55 
2-15-1 .0611 3500 lees Bias 2479 
2-15-2 .0590 3400 16.67 57.6 CAOe 
2-15-3 .0605 3400 765 56.3 2.92 
2-15-4 .0506 3350 16.87 55.5 eee 
2se5  .0035 3630 ee Se PRE: 
1-18-1 SO 420) 3950 Elis 54.9 Eee 
1-18-2 .0736 84350 | 2310 59.1 3.23 
1-18-3 .0728 3950 20. 38 54.0 2.8) 
tai 6-2 0734 AAO 20.60 56.5 2G 
1-18-5 .0750 4300 20.80 Be. ee 
2-21 1044 52:00 25.80 FO Zeus) 
eeei-P 86.103 5150 26.60 50.0 2.59 
Zi 3 S1e4 6200 26.25 59.6 2.52 
peetat = =§=64kO} 4700 23.30 6.5 Pie 
2-Oh-5 On UBe5 23.30 418.2 Cook 
2-P4=G a hOs) 5775 25.30 57.2 2.51 


~54~ 





specimen 


30) 
1-30-2 
1-30-3 
0) — 4. 
1-30-5 
2-30-] 
2-30-2 
2-30-53 
2- 30-4 
eae! Gaal 
1-48-2 
1-48-3 


Area 


£113 
mA 
Pare. 


ey 


Sale) 


mtO5 
. 109 
.129 
-135 


mec 
1. 
ma ia 


heres 


7600 
6150 
6875 
6800 
6350 
6000 
6000 
(fae 
6907 


Scope x 10 ° 


ee 


ale. 
oe 
cele 
ol 
33- 


oor 
So 
55. 
33. 
10: 
an 
ee 


-55- 


(0 
SD 
20 
60 
35 


80 
35 
oe 
BD 
OO 
LO 
Lio 


)} 


a: 
5. 
ie 
Soe 
Dp 


ie 
ao 
oe 
51. 


\O 2 eee DH 2] ea 


lo? OE 


MD IN Os Se 


Co 


WW 


PO Ie CoD 


10 


.69 
192 
.85 
ae 
. 89 


te 


06 
58 
Sl 


0) 
ye) 


= 





COO “C= Cl) Ne UG CGN ON CG A CG Gs 


a 


d 


OTe se 


0°0S 
O°EsS 
9°45 
7° &S 
oe any 
ott 
0° Of 
8° Ly 
O°€s 
€°7S 
0°9S 
g°ES 
W°L9 
O° a9 
O°f9 
GO9 


1 


Gg°ST 
O& °9T 
L9°9T 
L9°9T 


_OT X sdoog 


GZCe 
OSEE 
OOEL 
OCEE 


STLE 
OOnE 
OSGHE 
OO9E 


OGi7E 
OO17E 
OOSE 
Goce 


OO;7E 
OSTE 


OSEE 
OSEE 


dd I0g 


& SITAVo 


7990° 
790° 
TOGO ~ 
ae. 


ae 
OLL0° 
Qi720° 
i7LOo° 
3590" 
eg): 
GZ90° 
0290" 
GOGO" 
80S0° 
TE SO" 
€GSO° 





cody 


(CHLHICOW Yadanu) VLVI SLSaL FIISNGL 


=+ 


ct ©) Gale eG eG) 


mr 





Uswfzosds 


O°OT 


GL 


O'S 


=o. 





TABLE 4 


r r 2 
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Specimen Notch Depth “ys “le Oy Sys)" 
S12 0. 300 51, 2a 24.6 0.23C 
1-12-2 0.286 51,200 ao Gn 232 
123 Omeee 51,200 270 @.274 
le ies5 0.203 51, 260 Seo 0.375 
eee =i. 0.450 52,000 © O.213 
pee 0.600 52,000 Aane 0.196 
ae. 0.900 52,000 ZENO 0.189 
eo een 0.300 52,000 eto 0.226 
ees 0. 300 52,000 ell 2 O24 
1-48-1 0.400 55,000 2enO ero 
a3 3 0.300 55,000 AnH 0.152 
ae 5 0.250 55,000 Zens 0.166 
eo 0.500 55,000 Zou O54 
1-48-7 0.250 55,000 20.5 0.140 
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Specimen “ys iB re Oe Sys p Glass 
1-18-2 56,300 2.80 2.8 Bae TALS 
Tele 56,300 2250 26.2 P15 TA.5 
Cee 50,500 2.36 20. .162 69.0 
eae -5 SO se 2. ee 22.7 =200 69.0 
3-18-2 56,100 2.55 Se 136 eS 
2-16-3 56,100 2.55 26. 460 Tie9 
ero 1 60,200 3.15 4O.1 mele 83.6 
4-18-2 607200 75 Ae ATT Seine 
tao 3 60,200 3.15 39.2 120 83.6 
5-18-1 34,900 1.50 16.5 223 50.5 
fe le=2 34,900 1.50 15.8 , 204 50.5 
5-16-3 Sue SO0 ane DO 18.0 1204 50.5 
5-18-4 34,900 1.50 Wee . 266 50.5 
5-18-5 3.900 1.50 OZ 285 50.5 
6-18-1 28,900 1.236 1429 267 N15 
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